Hannan and Zhong, 1999). The Drosophila NMJ is similar Neuron 146
. Performance of nal P1 mutants is significantly lower than normal at all time points. Memory decay rates did not differ between mutant and wild-type strains, indicating normal memory formation processes in both and suggesting a learning deficit in nal P1 mutants. n ϭ 6 PIs per group. (B) Here, 50 independent excisions of the nal P1 P element insertion were generated via the crossing scheme of Dura et al. (1993) . Some (nal ve25A , nal ve80 , and nal ve96 ) are homozygous viable and molecularly precise. Others (nal le55 and nal le60 ) are homozygous lethal and molecularly imprecise, with deletions of nearby genomic DNA. The nal le60 excision consists of 30 bp of residual P element sequences, an 8 bp (target site) duplication and an ‫0081ف‬ bp deletion of genomic DNA. The nal ve48 excision retains the same P element/duplication sequences as nal le60 but does not carry the genomic deletion. (C) Olfactory memory was assayed immediately after one training session in homozygous and heteroallelic combinations of precise excisions (nal ve25A , nal ve80 , and nal ve96 ). In each case, performance levels did not differ significantly from those of two wild-type strains [w
1118
(CS10) and Canton-S], and all were significantly higher than that of nal P1 mutants. These data indicate that the precise excisions are revertant for olfactory learning and, thereby, establish that the original nal P1 transposon insertion is responsible for the mutant memory defect. n ϭ 6 PIs per group. (D) Olfactory memory was assayed immediately after one training session in homozygous, heterozygous, and heteroallelic combinations of nal P1 and imprecise excisions (nal ve48 and nal le60 ). Both excision alleles are recessive to the wild-type allele for olfactory memory (and lethality). The nal le60 mutation fails to complement nal P1 . In heteroallelic combinations, olfactory memory was significantly reduced in nal P1 /nal le60 flies but did not differ significantly from wild type in nal P1 /nal ve48 flies. Taken together, these genetic complementation data indicate that the olfactory memory defect maps to the molecular deletion, but not the duplication, of the nal le60 excision mutation. n ϭ 14, 14, 14, 8, 8, 14, 8, 8, and 14 PIs per group, respectively. to vertebrate excitatory synapses: it is glutamatergic, Here we describe a novel memory mutant, nalyot (nal). We show that nal is a hypomorphic allele of Adf1, an organized into boutons, and displays activity-dependent plasticity. Mutants that disrupt adult olfactory essential gene encoding a known member of the mybrelated family of transcription factors. We find that Adf1, memory, mostly via cAMP signaling, can also disrupt NMJ structure and function. These studies have culmilike dCREB2, plays a role in both development of the NMJ and in LTM formation. At the NMJ, the role of Adf1 nated in a model (Davis et al., 1996;  Figure 7 ) in which neuronal activity increases cAMP and then enhances appears distinct from, and complementary to, that of dCREB2. dCREB2 affects synaptic function but not synaptic strength via the activation of structural and functional effectors. structure, while Adf1 affects synaptic structure but not function. Collectively, our findings suggest that Adf1 white eye color gene. We selected against this marker in a standard mating scheme to remobilize the P element and dCREB2 are critical regulatory switches of distinct transcriptional cascades involved in terminal stages of (cf. Dura et al., 1993) and generated 50 independent excision strains ( Figure 1B ; data not shown). synapse maturation.
We screened the excision strains for precise excisions (revertants) to confirm that the nal memory defect was Of the 50 excision strains, nearly one-third were hogolovan (our unpublished data), and nalyot (nal). Here, mozygous lethal, suggesting that the nal P element was we present our initial neurogenetic investigation of nal.
linked tightly to an essential locus. Strains with deletions In wild-type flies, a single session of Pavlovian olfacof the P element that extended into the flanking genomic tory conditioning produces memory that decays to sequences were homozygous lethal and included nal le55 baseline levels by 24 hr, is insensitive to cycloheximide and nal le60 ( Figure 1B ). These strains complemented the feeding, and is not disrupted by induced expression of lethal deficiencies Df(2R) cn88b and Df(2R) cn87e, but a CREB repressor transgene (Tully et al., 1994; Yin et not Df(2R)42 and Df(2R)nap12. Genomic mapping of al., 1994). Immediately after such training, nal mutants nal le55 revealed a deletion extending at least 13 kb to the showed a mild but significant disruption of conditioned right of the P element. Mapping of nal le60 revealed two odor avoidance behavior ( Figure 1A) . Thereafter, memmolecular perturbations: (1) a closely linked 1.8 kb deleory decay (the slope of the forgetting curve) was normal tion in the flanking region and (2) 30 bp of terminal in nal mutants. P element sequences along with an 8 bp target site Despite their performance defect in Pavlovian memduplication ( Figure 1B , and nal ϩ alleles ones. Likewise, wild-type and mutant flies exhibited sim-( Figure 1D ). All three alleles are recessive to the wildilar levels of olfactory acuity to MCH and OCT at the type allele for memory. In heteroallelic combinations, intensity used for Pavlovian training and with a 100-fold only nal le60 /nal P1 flies show a memory deficit. Normal dilution. Thus, the performance defect of nal mutants memory for nal ve48 /nal P1 flies indicated that the failure of after Pavlovian training cannot be explained by disrupnal le60 to complement nal P1 must arise from its 1.8 kb tions in the perception of, or responses to, the stimuli deletion rather than the 38 bp duplication. These results presented. Rather, nal mutants appear unable to associverify that the nal P1 P element insertion disrupts olfactory ate the two stimuli normally when they are presented memory. together.
The nal Mutation Is a P Insertion in the Adf1

Transcription Unit The nal Memory Defect Is Caused by a Transposon Insertion
We isolated by plasmid rescue a 9.4 kb Sac II fragment flanking the nal P element, cloned the corresponding The nal P1 mutation is associated with a single P element (PlacW) insertion at cytological position 42D1-2, located genomic region, and then mapped two genes in the vicinity of the nal P element (Figure 2A) . The results on the proximal right arm of the second chromosome. PlacW encodes a readily scoreable marker, the minirevealed two independent transcription units, oriented right is Adf1. The ADF1 protein was identified by its specific binding to the distal promoter of the Alcohol dehydrogenase (Adh) gene (Heberlein et al., 1985) and was then purified and cloned (England et al., 1990 (England et al., , 1992 . Our mapping of more than ten Adf1 cDNAs onto the genomic region revealed a single 3Ј end and three introns (Figure 2A ). The distal two exons appear to be constitutively spliced from all transcripts. In contrast, a 114 bp intron, located upstream of coding region, is sometimes retained in the mature transcript. This 5Ј heterogeneity potentially can give rise to two different amino-terminal sequences ( animals, but expression levels were too low to quantitate. Together, these molecular 3E). Together, these results suggest that regulated Adf1 expression during development is critical for optimal studies suggest that the nal P1 mutant is a hypomorph, showing a decrease in both Adf1 RNA and protein levels. adult memory. This interpretation is fully consistent with the genetic complementation analyses presented in Figure 1D , as Overexpression of Adf1 in the Nervous well as with immunocytochemical and transgenic rescue System Can Be Lethal experiments described below.
To investigate the general role of Adf1 during nervous system development, we generated three independent transgenic strains expressing Adf1 Together, these observations suggest that the levels of ADF1 must be maintained within a narrow range of nal le55 null mutants (data not shown). These results confirmed the essential role of Adf1 for viability and set the expression during development to ensure proper biological function. Such findings are consistent with our stage for behavioral studies.
We next asked whether induced transgene expression behavioral investigations, which also revealed a tight dependence of optimal memory upon proper Adf1 excould rescue the memory defect of nal P1 mutants. nal P1 ; hsp-Adf1 ϩ -11 adults raised continuously at 18ЊC showed pression. partial behavioral rescue ( Figure 3C ). The same animals showed complete rescue when raised at 18ЊC during ADF1 Shows Widespread Expression development and then shifted to 25ЊC for the first 3 days in the Embryonic, Larval, and Adult after eclosion ( Figure 3D ). These results suggest that Nervous Systems adult expression of Adf1 is required for normal memory.
We produced a monoclonal antibody (MAb Adf1- /nal le60 embryos, on the other hand, show no to that in wild-type flies ( Figure 3C ) and was not diminished when the 18ЊC rearing period was followed by a specific staining, confirming their predicted lack of ADF1 expression and the specificity of Mab Adf1-17 immunoshift to 25ЊC for 3 days as adults ( Figure 3D) .
Second, acute manipulations of ADF1 expression in reactivity in situ. Notably, nal P1 homozygotes show significantly reduced levels of ADF1, compared even to adults fail to produce a specific impairment of memory formation. Memory is normal in adult hsp-Adf1 ϩ -8; ϩ nal le60 /ϩ heterozygous flies carrying only one copy of Adf1 ϩ ( Figure 4B) . animals, when they are raised at 18Њ to minimize leaky (Figures 5A and 5B) . Conversely, sections from wild-type and mutant adult brains revealed no obvious malformations in gross anatomy (data when ADF1 expression is greater than normal (in hspAdf1 ϩ -8 or -11 animals raised at temperatures that pronot shown). For example, the ␣ and ␤ lobes of the mushroom bodies showed normal fasciculation and orientaduce leaky expression of the transgene), the number of boutons is significantly increased (Figures 5A and 5B) . tion. Likewise, substructures of the central complex appeared intact; the fan-shaped body was not split and Opposing changes in ADF1 expression levels, therefore, are correlated with opposing effects on synaptic structhere was no ventral opening or flattening of the ellipsoid body. We also carried out a more quantitative "planimetture, yielding a difference between these extremes of 30%. ric" assessment of neuropillar volumes of adult mushroom body calyces and central complex analysis in wildThree lines of evidence support the specificity of these observations. First, the change of synapse number in type (ϩ), heterozygous (ϩ/nal le60 ) flies, and hypomorphic mutants (nal
P1 /nal le60
). We detected no significant differnal P1 mutants does not appear to arise from a defect in neuronal proliferation. Two motor neurons normally ences in males or females for either anatomical region (data not shown).
innervate muscle 6, terminating in type 1s and type 1b We also evaluated spontaneous and evoked synaptic transmission in wild-type larvae, nal P1 mutants and hspSecond, the Adf1 null allele, nal le60 , fails to complement the bouton defect of nal P1 mutants-just as it fails to Adf1 ϩ -8 or hsp-Adf1 ϩ -11 transgenic animals. EJC and mEJC amplitudes did not differ among the different gecomplement the memory defect (data not shown; Figure  1D ). Third, leaky expression of an hsp-adf1 ϩ transgene notypes, being approximately 135 and 0.72 nA, respectively ( Figures 5C and 5D) . Thus, quantal content, the is capable of rescuing the bouton defect of nal
P1
; hspAdf1 ϩ -11 mutants (Figure 5B ), just as it was capable of number of synaptic vesicles released per action potential, is unaffected by these perturbations of ADF1 levels rescuing the memory defect ( Figure 1D) . Collectively, these observations suggest that ADF1 plays a role in (Figure 5D ). mEJC frequency also was normal in nal mutant and postmitotic stages of neuronal development. Given the reciprocal actions of ADF1 on bouton number, this role hsp-Adf1 ϩ transgenic flies. However, we did detect a marked increase in mEJC frequency for hsp-Adf1 ϩ -8 appears to be at the level of synapse formation and/or maturation.
transgenic flies (Figures 5B and 5D ). This observation We quantified 1 day memory retention in wild-type whether more strenuous protocols, such as repetitive stimulation, would unmask physiological defects. Howflies and nal P1 mutants after they were subjected to spaced or massed training in experimenter-blind, balever, preliminary observations suggest that such effects, if present, are subtle (data not shown). Together, anced experiments replicated over 6 days. At this retention interval, memory after spaced training in wild-type these data support a preferential role for Adf1 in maturation of synaptic structure rather than function. flies (LTM ϩ ARM) is roughly twice that of memory after massed training (ARM only; Figure 6A ). In nal P1 mutants, 1 day memory after massed training was similar to that of The nal Mutation Abolishes Long-Term Memory Formation wild-type flies, suggesting that ARM is normal in mutant flies. In contrast, 1 day memory after spaced training in ADF1's widespread expression in the adult brain and its involvement in synapse formation at the NMJ suggested mutant flies was significantly lower than that in wildtype flies and, in fact, was similar to 1 day memory after that disruption of this transcription factor might yield a defect in adult long-term memory formation. In essence, massed training in wild-type (and mutant) flies. These observations suggest that LTM is absent in nal P1 mulong-term memory likely requires increases in both synaptic structure and function. If nal blocked an experitants. To confirm this notion, 7 day memory also was asence-dependent increase in synaptic structure, then, by analogy to observations at the NMJ (cf. Davis mutants (Tully et al., 1994) . Ten "spaced" training sessions (with a 15 min rest interval the nal P element is inserted in a major intron of the Adf1 transcription unit, and its precise excision reverts the memory defect (Figure 1) . Second, the nal P1 memory defect is not complemented by the (homozygous-lethal) imprecise excision allele nal le60 , which carries a small deletion that removes only Adf1 coding sequences (Figures 1 and 2) . Third, the nal P1 mutation reduces levels of expression of Adf1 RNA and protein, but does not flects an ongoing activity-dependent process that beSecond, leaky overexpression of hsp-Adf1 ϩ during degins during late embryogenesis and continues throughvelopment leads to adult memory defects. Early memory out larval development (Gramates and Budnik, 1999) . is reduced in all three ϩ; hsp-Adf1 ϩ lines when they are Initial events in synapse formation, however, do not reraised at 25ЊC, but not at 18ЊC (Figures 3B and 3C) . quire neuronal activity. In contrast, the subsequent matConcomitantly, leaky hsp-Adf1 ϩ expression is much uration of synaptic branches and boutons during larval greater at 25ЊC than at 18ЊC ( Figure 3A) . Thus, normal development clearly is activity dependent and can be adult memory formation may require tight developmodulated by changes in neuronal excitability, in cAMP mental regulation of Adf1. Third, chronic expression of signaling, or in expression of cell adhesion molecules Adf1 ϩ in adults is sufficient to rescue the nal memory . Long-term memory formation after Pavnal cytoskeleton. In this paper, we provide evidence for lovian training in Drosophila also depends on CREBa transcription factor, Adf1, involved in the structural dependent gene transcription and protein synthesis. pathway. Genetic manipulations that decrease (or inMoreover, opposite manipulations of CREB have correcrease) the amount of ADF1 give rise to a decrease (or sponding loss-and gain-of-function effects on longincrease) in synaptic bouton number. Thus, whereas term memory formation, implying that CREB acts as a dCREB2 affects NMJ function but not structure, Adf1 molecular switch for LTM formation-as it does for activaffects structure but not function (Figure 7) . As a tranity dependent plasticity at the NMJ. Manipulations of scription factor, ADF1 appears not to function directly CREB in cultured molluscan neurons have demonat the synapse; rather, its role reasonably may act upstrated activity-induced structural changes at identified stream of structural effectors (as above). Together, sensorimotor synapses concomitant with the appearthese observations suggest that transcriptional regulaance of long-term facilitation, a cellular correlate of betion is involved with both components of synapse matuhavioral sensitization (Dash et al., 1991; Bartsch et al., ration, and they argue that an increase in synaptic struc-1995, 1998). Hence, the appearance of long-term memture must precede an increase in synaptic function. ory generally may include structural, as well as functional, changes at the relevant synapses. Long-term memory formation after spaced training is Adf1 and Early Memory Developmental plasticity in the adult brain may share abolished in nal mutants. A trivial explanation for this result is that it derives secondarily from the milder deficit some of the cellular machinery that subserves synapse maturation at the NMJ. During metamorphosis, for inin early memory. Two observations argue against this interpretation. First, 1 day memory after massed training stance, axonal projections from some larval mushroom body neurons first degenerate and then extend prois normal in nal mutants, indicating that ARM is formed normally and, thereby, suggesting that multiple training cesses anew along with new MB neurons that proliferate in developing adult structures (Barth and Heisenberg, sessions compensate for the mild memory deficit observed after one training session. Second, radish mu-1997). This process of synapse formation continues for a few days after eclosion, is modulated in an experiencetants have a more severe early memory deficit than nal mutants (and ARM is abolished) but nevertheless show dependent fashion, and is aberrant in mutants with defects in cAMP signaling (Balling et al., 1987) or in normal normal LTM formation . Thus, the level of performance at earlier memory phases is not a reliable larvae grown in low density cultures (Heisenberg et al., 1995) .
predictor of performance at later memory stages. These observations also do not readily support a general develPositing a role for ADF1 in activity-dependent synapse formation of the maturing adult brain can explain why opmental etiology of the nal LTM deficit, unless early memory and LTM are anatomically distinct. hypomorphic mutations produce mild defects in olfactory memory measured immediately after one training Instead, our observations at the NMJ suggest a possible structural role for Adf1 in adult behavioral plasticity. session. Several observations are consistent with this notion. First, leaky overexpression of hs-Adf1 during During the formation of LTM, the Adf1 transcriptional cascade may lead to an increase in the number of synapdevelopment disrupts memory. Second, overexpressing the Adf1 protein in the nervous system via the UAStic boutons, allowing the incorporation of synaptic machinery induced through the CREB transcription cas-GAL4 system has lethal consequences. Third, Adf1 mutants have a defect in synaptic structure at the neurocade. In nal mutants, structural changes do not occur, thereby preventing integration of the CREB-dependent muscular junction. These observations suggest that
